The self-assembled growth of ordered ZnO nanowires on GaN/Si layers has been observed at the low temperature of 500
Introduction
Nanostructures of wide bandgap semiconductors such as GaN, SiC and ZnO are good candidates for short-wavelength lightemitting and field-emission devices. Over the past few years, the fabrication and characterization of ZnO-based nanoscale materials have received much attention due to their potential device applications in high-efficiency photonic devices and near-UV lasers [1] . Most of these applications can be reinforced if the nanostructures can be controlled in dimension, position, composition and orientation. Achievement of ZnO nanorod/wire arrays has been demonstrated using various methods. Vapour-liquid-solid epitaxy is a commonly used mechanism to achieve vertical alignment of ZnO nanowires on lattice-matched substrates, e.g., a-plane sapphire [2, 3] , highly oriented pyrolytic graphite (HOPG) [4] and GaN [5, 6] . Templates such as porous alumina membranes have also been applied for highly ordered (polycrystalline) ZnO nanowire samples [7] . Metalorganic vapour phase epitaxy (MOVPE) appears to be an effective approach to fabricate a high-density of ordered nanowires [8] . Recently Choy et al [9] used a 3 Author to whom any correspondence should be addressed. solution route to fabricate ordered ZnO nanorod arrays using colloidal ZnO nanoparticles as the seed layer. Yan et al [10] studied the pulse laser deposition growth of Ga-doped ZnO and found that the formation of aligned nanorods was initiated by an electric field.
A low growth temperature is necessary from a technology point of view. For the vapour-phase fabrication routes, metallic Zn powder is generally used as the source since the Zn vapour pressure can reach up to 10.8 Pa at a temperature down to 400
• C. This makes the low-temperature route facile and more favourable than those where temperatures above 800
• C are necessary to decompose ZnO. In this paper, we report vertically aligned ZnO nanowires obtained by thermal evaporation and oxidation of Zn at 500
• C. The nanowires are formed via a self-assembly process on GaN/Si substrates, with no catalyst involved. The growth mechanism will be discussed in detail, and a microscopic characterization of the nanowires as well as the wetting layer by cathodoluminescence will be presented.
Experiments
The (0001)-oriented GaN layers, ∼500 nm in thickness, were grown on whole Si(111) wafers by MOVPE [11] . The growth of ZnO nanowires was realized in a horizontal resistance furnace (heating zone: 18 cm) by thermal evaporation of Zn powder (Aldrich, 99.998%, −100 mesh) at 500
• C. The substrates were located generally upstream of the gas flow by distances of 2-3 cm from the Zn source. The tube was evacuated to a background pressure of ∼10 −5 mbar followed by a flush of Ar gas. In order to have certain amount of oxygen to oxidize Zn at such low temperature [12] , the Ar gas was wetted by flowing dry Ar over a DI water surface prior to the heating process. During the whole process, the chamber pressure was kept constant at 200 mbar and the gas flow at 60 sccm. After a reaction period of 1 h, the furnace cooled down naturally to room temperature.
Results and discussion
The general morphology of aligned ZnO nanowires can be seen from the scanning electron microscope (SEM) images shown in figure 1. The rods have an average diameter of were verified by transmission electron microscopy (TEM) and electron diffraction analysis. Figures 1(b) and (c) also show clearly the existence of a highly rough wetting layer between the nanowire and the substrate surface. The wetting layer forms a network of vortex-like structure, and the nanowires extend vertically from the heads of the vortices. At distinct places on the sample surface, separated ZnO pyramidal islands can also be observed. Figure 2 shows the surface place where both separated pyramids and the network of vortices are present. Interestingly, a single nanowire grows from the tip of each pyramid. Based on this, one may surmise that the ZnO pyramids are the prototype of the wetting layer in the early growth stage, that is, the latter was formed through an interconnection of the initially separated pyramids. The merging of the pyramids is believed to be correlated with the high concentration of the Zn/ZnO x vapour (the inner wall of the tube end was coated with black deposits). In our experiments, if the chamber was pre-fed with air rather than H 2 O vapour, a film of vertically aligned and closely stacked thin nanowires (diameter < 20 nm) could be collected on the (0001) surfaces of GaN. Figure 3 shows an example recorded at the wafer edge where some hexagon-shaped GaN microcrystals are dispersed on the Si substrate. No obvious wetting layer can be observed between the thin nanowires and GaN c-planes. We propose the growth process for the above structure as follows. As the reaction temperature is above the melting point (419
• C) but lower than the boiling point (907 • C) of Zn or ZnO x (x < 1), a liquid phase Zn/ZnO x should first form at an early stage on the substrates. The liquid droplets solidify quickly by oxidation (melting point of ZnO: 1975 • C) and nucleate into nanoparticles [13] . As a result of the crystal habit and the epitaxial growth at the ZnO-GaN interface (see also below), the nanoparticles grow into sixfold pyramidshaped islands, with the vertical orientation being [0001] and the pyramidal faces being {1223}. On-going growth of the pyramids in both vertical and lateral directions brings them closer to one another and thus merge. The merging occurs mainly along the edges between two pyramidal facets, as these edges offer thermodynamic active sites for nucleation of vapour atoms (or adatoms through diffusion on the pyramidal planes). Therefore, a network of interconnected vortex-like structures is developed.
As the reaction proceeds, the metallic Zn source in the boat, which is highly reactive, is also subjected to oxidation and covered by oxide coatings. These oxide coatings will hinder the evaporation of Zn and thus decrease the Zn/ZnO x vapour pressure. Such gradual diminishing source vapour will lead to formation of small-sized structures, as was observed by Wu et al [14] and Chen et al [15] . Under this condition, nucleation of Zn/ZnO x atoms will be preferred at thermodynamically active sites. These sites would be the tips of the isolated or interconnected pyramids, as well as the edges between pyramidal facets, as they have a higher surface energy relative to the surrounding regions (i.e. pyramidal planes) [4] . Consequently, low-dimensional nanostructures grow. This can be proven by figure 2 which shows that a single nanowire extends outward from the tip of an isolated pyramid, and figures 1(b) and (c) show that a wall-like nanostructure grows along the edges. As for the growth direction, it is well-known that the shape of crystals under non-equilibrium conditions are mainly determined by the competition of growth rates in different crystallographic directions [16] . For ZnO, the fastest growth rate direction is [0001] . Therefore, the nanostructural ZnO grow homoepitaxially at the tips of the pyramids and oriented along [0001].
Ng et al [4] reported the epitaxial growth of ZnO nanowires at the junctions of ZnO nanowalls. According to them, the growth of nanowalls, as well as nanowires at the wall junctions, was a VLS process. The former grow along the boundaries of a Au network, whereas the latter was initiated by Au clusters aggregated at the wall junctions. In our experiments, the growth for the nanowires at the tips of base pyramids occurs in the absence of catalytic gold. Hence, the process differs from that proposed by Ng et al [4] . First, the establishment of wall-like nanostructures in the present case is a result of the merging of the base pyramids followed by a preferential growth at the pyramidal edges. Second, the formation of nanowires at the pyramid tips is a self-assembly process for surface energy reduction, unlike the process discussed in [4] where Au droplets play the dominating role in accumulating vapour Zn atoms.
It should be stressed that the GaN epilayer in our experiments is mandatory for the vertical alignment of the ZnO nanowires. Such an effect can be evidenced by figure 3, which shows that ZnO nanowires grow only on the top (0001) faces while not on the side faces. It is known that GaN and ZnO have the same type of crystal structure (wurtzite) and a small mismatch of lattice constants (1.9%). This makes GaN suitable for epitaxial growth of ZnO nanostructures [5] . In contrast, the deposits on Si substrates, although having similar morphology as that on GaN, are randomly oriented. This is because of the large mismatch of lattice constants and expansion coefficients between ZnO and Si, which generally does not accommodate a uniform alignment of ZnO nanowires.
Cathodoluminescence (CL) spectroscopy has spatial resolution in the submicron range and thus is a suitable technique to study the local origin of the luminescence from nanosized light-emitting materials [17] . Figure 4 shows the spatially and spectrally resolved CL images carried out at 4 K. Figure 4 (a) reveals that the CL intensity has a spotlike distribution with the bright spots corresponding to the heads of the vortices where nanowires exist and the dark spots to the caved-in regions. This implies that the CL emissions originate mainly from the nanowire regions. The corresponding wavelength map in figure 4(b) illustrates a relatively homogeneous distribution of the emission energy. Obviously, two energy domains can be resolved, purple and blue contrast, and correspond to the bright and dark spots in the intensity map, respectively.
The correlation of emission intensity and energy is evidenced more clearly by the local CL spectra. Figures 4(c) and (d) show the typical CL spectra recorded selectively from the nanowire site and the surrounding region, respectively. The CL line from the nanowires is intense and sharp (FWHM = 5.3 meV) centred at 3.357 eV, while the area between the vortices gives a weak and broad (FWHM = 9.6 meV) peak at 3.347 eV. These CL lines can be assigned to I 8 [18] , which results from recombination of excitons bound to the neutral gallium donor. The origin of the Ga is unclear at this stage. It results possibly from the atomic diffusion from the GaN surface through an exchange event. Another aspect in figure 4(d) is that, with respect to fully relaxed ZnO, the I 8 peak obtained from the cavedin regions is slightly redshifted by 10 meV. This indicates the existence of tensile stress in the wetting layer [19] . In contrast, the nanowires themselves are nearly free of stress. A similar effect was observed for our ZnO nanowires grown on Au-coated sapphire substrates at high temperatures [20] . It is worth mentioning that a number of CL measurements at different sample places give consistent results, thus confirming that the optical properties throughout the sample surface are homogeneous.
Conclusion
In summary, vertically aligned ZnO nanowires are grown on a film of interconnected vortex-like structures wetted on GaNSi substrates. The wetting film is formed via the merging of pyramids to a network of the vortex-like structure followed by additional growth at selective facets. Formation of nanowires in the latter stage is related to the diminishing Zn/ZnO x vapour and surface energy reduction at the pyramid tips. Cathodoluminescence measurements at 4 K show donor bound exciton emissions which originate mainly from the nanowires. The redshifted CL emission from the wetting film indicates that it is tensile stressed compared to the stress-free nanowires. Such highly ordered and small-sized ZnO nanowires could be beneficial for field emission and spintronic applications.
